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INTRODUCTION 
The purpose of the investigation Is to determine the 
thermodynamics of formation of some Intermetalllc lanthanon^-
magneslum compounds. The compounds chosen are the equlatomlc 
compounds of magnesium with samarium, gadolinium, terbium, 
dysprosium, holmlum, erbium, thulium and lutetlum. The com­
pounds form a homomorphlc series in the sense that they all 
crystallize in the primitive cubic CsOl-type structure. 
Interest in the compounds stems from the possibility that the 
thermodynamic data may be interpreted in terms of the struc­
tural properties of the compounds. Interpretations of this 
nature seem to be needed because crystal data for a large 
number of compounds in this structure are available. In con­
trast, only limited thermodynamic data are available. The 
wide-spread occurrence of OsCl-type structures emphasizes the 
necessity for identifying the effects which stabilize the 
structures. 
&The word lanthanon as used herein w3.11 refer to the 
elements of atomic number 57-71 inclusive. 
2 
REVIEW OP LITERATURE 
Lanthanon Elements 
Historically, interest in lanthanon-magnesium alloys has 
centered on the magnesium-rich alloys and on the effects of 
small lanthanon additions on the mechanical properties of mag­
nesium. The role of the lanthanons in magnesium technology 
has been reviewed by Prochovnick (1) and Leontis (2) and 
further elaboration seems not to be necessary. More recent 
interest in lanthanon-magnesium alloys has stemmed from the 
unique nuclear properties of the lanthanon metals and as a 
result Interest has shifted to the lanthanon-rich alloys. 
Special purpose applications of the lanthanons and their 
alloys in nuclear technology have been outlined by Posey and 
Pressly (3), the Michigan Chemical Company (4) and Anderson 
(5). The properties of the pure lanthanons have been reviewed 
adequately by Levy (6), Yost, Russell and Garner (7), and 
Spedding (8). General reviews of rare earth research have 
become available by Spedding and Daane (9), Nachman and 
Lundin (10), Kleber (11) and Gschneidner (12). 
The physical properties of the pure lanthanons ara usu­
ally Interpreted In terms of the unique electronic structures 
of these elements. The lanthanons belong to the sixth period 
in the Periodic Table in which the 6s energy level is filled 
with two electrons per atom. Energy requirements allow the 
5d and 4f levels to be occupied in the isolated atom as 
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additional electric charge is placed on the nucleus. The net 
result is that the 5d and 4f levels are variously occupied in 
the lanthanon series. The electronic structures of the lan-
thanons in the metallic ground state are given in. Table 1 and 
are based on the compilation of (Jschneidner (12). Care must 
bo exercised in the interpretation of the metallic state 
assignment because the 6s and 5d levels are actually energy 
bands which overlap. Gustafson and Mackintosh (13) found on 
the basis of their positron annihilation work that gadolinium 
and cerium have three free electrons per atom while ytterbium 
has two free electrons per atom at room temperature. The 
ground-state assignments for the lanthanon gases are from 
Moore (14). As the atomic number is increased the 4f elec­
trons and the conduction band electrons are drawn closer to 
the atomic nucleus resulting in the Lanthanile Contraction. 
A consequence of the contraction is the systematic de­
crease in the atomic radii of the lanthanons in the solid 
state with abrupt departures at europium and ytterbium. The 
atomic radii of barium, the lanthanons and hafnium are shown 
in Figure 1. Europium and ytterbium are indicated to be 
divalent andflC-cerium is indicated to have a valance approach­
ing four. This interpretation is consistent with the elec­
tronic structures given in Table 1. The difference in atomic 
radius between the trivalent and divalent lanthanons is about 
12^ and is therefore sufficient to control the stability of 
o< 
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ATOMIC NUMBER 
Figure 1, Metallic radii of barium, lanthanon and hafnium 
metals (after CJschneidner (12) ) 
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Intermetalllc phases that form primarily on the basis of 
atomic size consideration. 
Table 1. Electronic structure of the lanthanon elements 
Atomic 
number 
Element Metallic state 
assignment 
Gas state assignment 
Outer 
electrons 
4f 
a 
6s 5d 4f 
57 La 3 0 2 1 0 
58 Ce 3 1 2 1 1 
59 Pr 3 2 2 3 
60 Nd 3 3 2 4 
61 (Pm) 3 4 2 
62 3m 3 5 2 6 
63 Su 2 7 2 7 
64 ad 3 7 2 1 7 
65 Tb 3 8 2 9 
66 Dy 3 9 2 10 
67 Ho 3 10 2 11 
68 Er 3 11 2 12 
69 Tm 3 12 2 13 
70 Tb 2 14 2 14 
71 Lu 3 14 2 1 14 
39 Y 3 0 5S2 4d^ 0 
&Oonductlon band population. 
Phase Relations 
Phase diagram studies In the range 0-50 at.# magnesium 
have been made In all the lanthanon-magneslum systems except 
neodymlum, europium, and of course promethlum*. The lantha-
non-rlch half of the samarium, gadolinium, terbium, dysprosium, 
^Gschneldner (12) reported that no metallic promethlum 
had ever been prepared and thus promethlum will be excluded 
from consideration In subsequent discussions unless otherwise 
stated. 
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holmium, erbium, thulium and lutetium phase diagrams are all 
very similar and a general partial phase diagram appropriate 
to all the above listed elements is shorn in Figure 2. The 
characteristic temperatures and compositions and references 
are given in Table 2. The yttrium-magnesium phase diagram 
had been determined by Gibson and Carlson (15) and the appro­
priate yttrium-magnesium data are included for purposes of 
comparison in Table 2. 
Table 2. Data for the heavy lanthanon-magnesium binary 
systems 
Lanthanon Characteristic Maximum solubility 
temperatures^ of o(.-phase 
(+ 5°0) (at.i Mg) 
Sutectoid Peritectic 
Smb 612 780 ~12 at 6l20C 
Gd 679 865 11.8 at 663°C^ 
Tb 695 857 
Dy 706 857 11.7 at 70000° 
Ho 710 851 
Gr 699 822 
Tm 671 761 
Lu 593 671 11.1 at 587^0^ 
775 935 <4 at 775°0 
&The temperatures except for the cases of samarium and 
yttrium are from Miller and Daane (16). 
^The samarium data are from the studies of Kato and 
Copeland (17) who place the eutectold composition at 24.5 
at.% and the maximum solubility of magnesium in thefi-phase 
at 33 at.3 Mg. ' 
Based on work in progress by Joseph and Gschneidner (18). 
dprom Gibson and Carlson (15) who place the eutectold 
composition at 31.2 at.^l. 
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Figure 2, Partial phase diagram for heavy 
lanthanou-magneslum systems 
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Soancliaii has not been included because no data are available 
concerning the alloying behavior of scandium with magnesium. 
The ytterbium-magnesium system does not contain a primitive 
cubic phase according to McMasters (19) but rather contains 
one compound, YbMgg, a C]_4^ hexagonal Laves phase. McMasters 
suggested that in view of the divalent tendency of both ytter­
bium and europium, the latter should form just one intermetal-
lic phase with magnesium, a compound EuMgg. The compound 
EuM;^2 indeed been reported to exist by Kripyakevich and 
coworkers (21) who also report without elaboration that a com­
pound SugMg]^^ exists. The latter is claimed to crystallize in 
the ThgNi^y-type structure. Further verification of the 
EugMgiy phase seems necessary because the 2:17 or 1:9 stoi-
chiometry ratio is typical of magnesium compounds with the 
trivalent lanthanons. 
OsCl-Type Structures 
With the exceptions of europium and ytterbium, a common 
feature of lanthanon-magnesium phase diagrams is the occur­
rence of a oeritectic compound at 50 at.^ magnesium. The com­
pound crystallizes in a primitive cubic Bravais lattice and is 
typified by the OsCl-type structure. The structure may be 
characterized by two interpenetrating primitive cubic lattices, 
one lattice for the lanthanon atoms and one lattice for the 
magnesium atoms. 
^The "Strukturbericht" notation for characteristic struc­
tures will be used throughout this thesis. Information on 
tyne structures is available in the books by Smithells (20). 
Table 3. Lattice constants of CsCl-type structures in lanthanon-magnesium systems 
Lanthanon Lattice Constant of CsCl-type compound Reference 
La 3.967 + 0.007 3-schneidner (12) 
Ce 3.899 + 0.007 If 
Pr 3.888 + 0.003 If 
Nd 3.867 + 0.003 It 
(Pm) No data available 
Sm 3.810 + 0.012 Kato and Copeland (17) 
Eu No data available 
EuMg probably does not exist 
Gd 3.824 + 0.005 Miller and Daane (16) 
Th 3.796 + 0.005 II 
Dy 3.786 + 0.005 II 
Ho 3.776 + 0.005 
Er 3.758 + 0.005 
Tm 3.749 + 0.005 II 
Yb No CsCT-type compound 
Lu 3.727 + 0.005 II 
, 3.809 Smith et (22) 
2.782 
range of homogeneity is suspected to exist and Smith et al. (22) suggest 
that the larger value corresponds to the stoichiometric composTtTo'n. 
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The lattice constants of the CsCl-type compounds found 
In lanthanon-magneslum systems are listed in Table 3 and 
displayed as a function of atomic number In Figure 3. Samar­
ium is seen to exhibit anomalous behavior. 
A hard-sphere atomic model la commonly used to deduce 
certain geometrical crystal properties of intermetallic 
compounds. For AB compounds; in a primitive cubic lattice if 
the radius ratio r^/rg = 1.37 then A-A, A-B and B-B contacts 
exist and atomic radii characteristic of the elements in the 
particular compound may be found. In this case the B-atom 
just fits into the void space at the center of the cubic cell. 
In case the ratio is not 1.37 the crystal data (lattice con­
stants) allow only an evaluation of the sum r^ + rg in the 
compound. Such a sum is usually denoted d^g and provides suf­
ficient data so that the empirical technique of Kubaschewski 
(23) can be used to relate the thermodynamic and crystal 
properties of the compound. 
Dwight (24) surveyed about 150 OsCl-type intermetallic 
compounds and found that the radius ratios varied in an 
approximate Gaussian manner from 0,82 to 1.60 with a peak at 
1,16, HlB oonoluBion that the structure wae not controlled 
by atomic size GonBiderationB must be accepted with caution 
pending a more thorough study of the GaussIan dependence. 
Thermodynamic studies have been made in the systems of 
magnesium and lanthanum, cerium, praseodymium and yttrium. 
Oanneri and Rossi (25,26) used acid solution calorimetry 
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Figure 3. Lattice constants of some CsCl-type compounds 
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techniques to determine the enthalpy changes associated with 
the formation of LaMg, LaMg3, PrMg and PrMg^. Blitz and Piper 
(27) used acid solution calorimetry to determine the heats of 
formation of CeMg and CeMg^. The purity of the lanthanons in 
the above studies was variable and in the range 92-93 wt.^. 
The results are given in Table 4. Smith and coworkers (22) 
determined the thermodynamics of formation of yttriun-magne-
sium compounds from measurements of the equilibrium vapor 
pressure of magnesium over yttrium-magnesium alloys and also 
by means of HCl-acid solution calorimetry. The purity of the 
yttrium was the same as that used by Gibson and Carlson (15), 
99.5 wt.^ with titanium as the major impurity. The results 
are also included in Table 4. 
Table 4. Heats of formation of lanthanon-magnesium compounds 
Heat of formation 
Compound (kcal/g-atom) Reference 
Calorimetry vapor 
LaMg 
LaMg 3 
-2.85 
-3.22 
Canneri and Rossi (25) 
II II II 
CeMg 
CeMg 3 
-6.50 
-4.25 
Blitz and Piper (27) 
II II II 
PrMg 
PrMg3 
-4.10 
-2.75 
Canneri and Rossi (26) 
II II II 
YMg 
YMg2 
-3.02+0.34 
-3.40+0.28 
-2.77+0.80 
-2.97+0.95 
Smith et al. (22) 
If TT— 
Y5Mg24 
or 
Y4%25 
-1.76+0.14 -2.04+0.97 It It 
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The heats of formation found by Smith e_t al. (22) in the 
yttrium-magnesium system exhibit the type of dependence on 
composition outlined by Kubaschewski and Evans (28). No 
similar trend is apparent in the less-complete data for the 
lanthanum, cerium and praseodymium systems. 
Alloy Phase Stability 
The subject of alloy phase stability may be approached 
from several points of view. Seitz (29) discussed the subject 
of cohesion in solids from a quantum mechanical point of view 
and has shown that a calculation from first principles of the 
cohesive energy of a metal is a formidable task. Slater (30) 
outlined the difficulties and gave an explicit example of a 
related problem to illustrate the nature of the task. The 
principal difficulty in cohesive energy calculations arises 
in the evaluation of the contributions from the valence elec­
trons both in terms of their relative ability to screen the 
electrostatic interactions and also in terms of the Fermi 
energy contributions. Brooks (31) has summarized the argu­
ments for certain simplifications to the quantum theory in 
an excellent review article. A good first approximation 
developed by Wigner and Seitz (32,33) has been successful in 
case of the alkali metals where the overlap of the ion-core 
wave functions is small and where, in the independent particle 
approximation, the valence electron wave functions represent 
almost free electrons. A modification of the Wigner-Seitz 
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method due to Raimes (34) was used by Bernstein and Smith (35) 
to calculate the elastic constants of the lanthanon metals. 
Raich and Good (36) have developed a semi-classical approach 
to calculate the cohesive energies and densities of subgroup 
A metals. A general feature of most calculations is that the 
agreement between experimental and calculated values is quite 
good but the uncertainties in the calculations are sufficient 
to mask the effects of structural changes, that is, the cal­
culations are not sufficiently sensitive to predict the 
stability of one metallic structure in preference to another 
structure. 
In view of the computational difficulties facing the 
quantum approach, several approximate and empirical approaches 
have been developed to predict the stability of Intermetallic 
alloy phases. Laves (37) accounted for the occurrence of a 
large number of intermetallic phases on the basis of atomic 
size considerations. The Laves phase structures are typified 
by MgOug, MgZng and MgNig and represent an efficient utiliza­
tion of three dimensional space; they exhibit an average coor­
dination number of 13.3 and in certain cases provide a direct 
and unequivocal determination of an atomic radius in an inter­
metallic phase. Berry and Haynor (38) studied in detail the 
interatomic distances in the three groups of Laves phases ABg 
and concluded that the MgZng (C14) structure was more probable 
if the radius ratio r^^rg approached 1,225. The MgCu2 (C15) 
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and MgNlg (C36) structures were found to occur if the radius 
ratio deviated from the ideal value of 1.225. Thermodynamic 
studies of the Laves phases have been summarized by Smith 
(39) and by King and Kleppa (40). Dehllnger and Schulze (4l) 
attribute the thermodynamic stability of the Laves phases to 
increased coordination in the compounds over that in the ele­
mental state of either constituent. Kubaschewski and Sloman 
(42) developed an empirical relation from which the enthalpy 
of formation of a Laves phase could be found from a knowledge 
of the coordination numbers and heats of sublimation of the 
constituents. Their approach is similar in spirit to that 
used by Shepard (43) and Smith (44) to calculate the elastic 
moduli of intermetalllc phases. 
A more flexible approach to intermetalllc phase stabil­
ity via changes in coordination number has been developed by 
Kubaschewski (23). He recognized that in the formation of 
many intermetalllc phases a volume decrease was observed even 
in the absence of an Increase In coordination. He proposed 
that the crystallographlc definition of coordination number 
be modified In Intermetalllc phases to include effects due to 
volume changes. As a result, an effective coordination num­
ber was Introduced to reflect the changes in interatomic 
distances that accompany compound formation. The basic 
assumptions of his approach are listed below. 
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(1) Stability of metallic multicomponent phases arises 
mainly from a decrease in heat content (enthalpy) 
due to an increase in coordination on formation 
from the component metals. 
(ii) Only changes in coordination during the formation 
of a binary phase need be considered; a knowledge 
of the total energy of the lattice is not required, 
(ill) Metallic bond energy varies linearly with recipro­
cal distance within a chosen arbitrary distance and 
is zero outside this distance. The distance chosen 
for the cut-off is 2r j? where r represents the 
atomic radius of a constituent element in a struc­
ture with coordination number 12. 
With these assumptions, the change in enthalpy upon alloy 
formation is given by the weighted average of the heats of 
sublimation of the components: 
= NaLa C^(A,alloy)-G(A,pure) 
0(A,pure) C(B,pure) 
In the equation N^. and Ng are the atom fractions, La and Lg 
are the heats of sublimation of the pure components and C* 
represents the effective coordination number in the inter-
metallic phase. The accuracy of the calculation Is limited 
by the uncertainties in the lattice constants of the various 
phases and is + 500 cal/g-atom. Experimentally determined 
heats of formation Include uncertainties of at least + 500 
cal/g-atom and thus an agreement between calculated and 
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observed values of + 1000 cal/g-atom has been considered 
satisfactory. 
The method of Kubaschewskl Is admittedly empirical and 
has been found to be somewhat unsatisfactory in the case of 
the aluminides of the transition metals. Nevertheless it 
is generally successful for phases that are characterized 
by metallic binding. 
Thermochemical Considerations 
The subject of thermodynamics of heterogeneous equilibria 
has been discussed adequately in texts by Guggenheim (45) and 
Wall (46). Tabular methods for presenting thermodynamic data 
are described by Hultgren et sJ.. (47). Techniques for incor­
porating heat-capacity data with vapor pressure data are 
described by Darken and Gurry (48) and Smith (39). Heat-
capacity data are not available for any of the compounds in 
this investigation and on this basis the ACp values for the 
reactions leading to the formation of the CsCl-type struc­
tures were taken to be zero. With this restriction the 
thermochemical considerations appropriate to the investiga­
tion are summarized in the following manner. 
The vapor pressure measurements are representative of 
the type reaction 
LMg(s)ç3} L(solnJ. + Mg(v), 
6F° = -RT In PMg&L, 
where L is a lanthanon. In the equation Pjjg Is the vapor 
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pressure of magnesium and aj^ is the activity of the lanthanon 
in the terminal solid solution. A second reaction is 
Mg(s)^±Mg(v), 
for which 
= -RT In Pgg, 
where P^g is the vapor pressure of magnesium over pure magne­
sium. The two reactions are combined (Hess' law) to yield 
L(s) + Mg(s) —• LMg(s) 
for which 
A P° = è RT In SîSÎii . (1) 
This free energy change represents the formation of a gram-
atom of solid compound in its standard state from the ele­
ments in their standard states. For a restricted temperature 
range of measurement a linear representation of the vapor 
pressure data is adequate and for this purpose the data of 
Smith and Smythe (49) were used for the vapor pressure of 
pure magnesium: 
log P^g(atm) = 5.81 + 0.19 - . (2) 
The lack of activity data necessitates the use of a Raoult's 
law assumption whereby the activity of the lanthanon is set 
equal to the mole fraction of the lanthanon in the terminal 
solid solution. Such an assumption is expected to lead to 
no significant error when the terminal solubilities do not 
exceed ~10 at.#. The solubility of magnesium in gadolinium, 
dysprosium and lutetlum has been determined as a function of 
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temperature from 350°C to the respective eutectoid tempera­
tures by Joseph and Gschneidner (18). Their data points for 
the temperature range corresponding to the temperature range 
of the present vapor pressure measurements were fitted to a 
relation of the form 
RT In Nl = A + BT. (3) 
The relation arises from thermodynamic considerations of 
point defects in solids; adequate discussions of the relation 
are found in books by Swalin (50) and Kittel (51). The con­
stants from Equation 3 are listed in Table 5 and show no 
systematic dependence on atomic number. The average values 
shown in Table 5 were used to approximate the terminal solu­
bilities of the remaining lanthanons for which solubility 
data are not available. The errors in the thermodynamic 
functions introduced by the approximate descriptions of the 
solubilities are expected to be much smaller than the exper­
imental errors in the vapor pressure measurements. 
Table 5. Solubility constants for Equation 3 
Element A -B 
(cal/g-atom) (cal/g-atom deg) 
Gd 240 0.37 
Dy 180 0,27 
Lu 300 0,45 
Average 24o 0,37 
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EXPERIMENTS. PROCEDURE 
Sample Preparation 
The samples used by Miller and Daane (16) In their study 
of the high-temperature allotropy of the heavy lanthanons, 
gadolinium, terbium, dysprosium, holmlum, erbium, thulium and 
lutetium, were used as starting materials in the present 
Investigation. The samples had been stored in air for about 
one year and showed no indication of reaction with atmospheric 
components. The technique described by Miller and Daane was 
used to prepare alloys of samarium with magnesium. The re­
sults of chemical analyses of the alloying elements are given 
in Table 6. 
The original samples were not equilibrium samples but 
were predominantly the high temperature body-centered cubic 
form of the terminal solid solution (cf. Figure 2). Equi­
librium samples were obtained by heat treatment for 5-6 days 
at temperatures below the appropriate eutectold temperatures, 
* After this heat treatment Debye-Scherrer powder diagrams of 
the annealed samples indicated the presence of only the two 
equilibrium phases. Ohromlum radiation was employed to 
minimize fluorescence from magnesium. 
Vapor Pressure Measurements 
The Knudsen effusion technique (53) was used to measure 
the vapor pressure of magnesium over lanthanon-magnesium 
alloys. The apparatus was constructed and described by 
21 
Table 6, Chemical analyses of alloying elements In ppm 
Element 
Impurity Gd Tb Dy Ho Er Tm Lu Mg Sra^ 
C 240 55 36 50 38 131 <90 200 
Ng 75 440 10 27 125 118 <900 100 10 
F2 565 265 310 60 <400 1260 <600 -
Tb <100 - <1000 - - - - — • 
Dy <100 - - <400 T - - -
Ho <200 - <200 - T - - -
Er - - 400 <100 - - - T 
Tm - - - <100 - - <250 -
Yb - - 5 - - T 400 -
Y <100 - <70 <100 - - - - T 
Fe 50 T 200 100 <50 <50 - 50 < 20 
Si <250 T <30 <200 <200 <100 10 T 
Ta <500 - <500 <1000 - <1000 50 - -
Oa 250 T <300 <500 <500 1000 200 - 100 
^Also Mg; 30 ppm, Or; 10 ppm, Got; 100 ppm, Eu; 10 ppm. 
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Smythe (49) and incorporated an electrobalance built by A. H. 
Daane. Modifications due to Christian (54) were used. A 
schematic diagram of the apparatus is shown in Figure 4. The 
sample was contained in a Knudsen cell made of tantalum; no 
reaction was observed between tne samples and the cell. The 
lid of the Knudsen cell was 3 mil tantalum sheet. The effu­
sion orifices were burnished to a sharp edge to avoid the 
need for Clausing corrections (55). The orifice areas were 
determined with a metallographic microscope equipped with a 
Pilar eyepiece that had been calibrated against a stage 
micrometer. 
In the effusion method a vapor in equilibrium with a con­
densed phase is allowed to escape from an .effusion cell into 
an evacuated region. Knudsen (53) applied the kinetic theory 
of gases to show that the pressure of the vapor in the cell 
is given by the relation 
2trRT 
Mo 
In this relation, P is the pressure in d/cm^, Am/At is the 
time rate of change in mass in g/sec, A is the orifice area 
in cm^, MQ is the molecular mass of the vapor and T is the 
absolute temperature, 
A chromel-alumel thermocouple was used to determine the 
sample temperature. The thermocouple was calibrated against 
the melting points of zinc and dry NaOl. Axial temperature 
gradients in the furnace tube were evaluated and found to be 
Figure 4. Vapor pressure apparatus 
B. Quartz fiber balance 
C. Coil 
E. Knudsen effusion cell 
P. Resistance furnace 
G. Ground glass Joints 
M. Alnico magnet 
Q. Quartz suspension fiber 
S. Silica tube 
T. Thermocouple well 
TP. Tare pan 
RS. Molybdenum radiation shield 
PP. Firebrick plug 
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completely negligible. 
At each temperature ûm/At was evaluated by taking several 
(20 to 30) mass determinations with a calibrated electrobal-
ance at specified time intervals, k linear least-squares 
analysis was used to find the best linear fit to m(t). The 
uncertainties in ûm/û,t varied among samples but were of the 
order of Temperature fluctuation amounted to as much 
as + I'fo, and the orifice areas had a maximum uncertainty of 
+ it. The combined result of the random uncertainties is that 
the measured vapor pressure values reflect an uncertainty of 
about + 6^. 
Measurements were made of the vapor pressure of magnesium 
over pure magnesium and the results were in good agreement 
with those obtained on the same apparatus by Smythe (49) and 
Christian (52). Smith (39) evaluated the data of both Smythe 
and Christian in terms of the resultant heat of sublimation 
of magnesium and concluded that the systematic errors in their 
data were small. 
Vapor pressure measurements over alloys using the tech­
nique employed in this investigation may be affected by two 
phenomena not encountered in similar measurements over pure 
elements. The first effect involves the chemical composition 
of the vapor phase in the Knudsen cell. A possibility exists 
that the vapor could contain gaseous intermetallic molecules 
and gaseous lanthanons in addition to gaseous magnesium. The 
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possibilities were checked by chemical analysis of the con­
densed sffusate. The inner walls of the Knudsen apparatus 
were washed periodically with HOI and the washings were spec-
troscopically analyzed for magnesium and the lanthanon ele­
ments. The analyses indicated only very faint traces of the 
lanthanons compared to magnesium and established that the 
effusate from the Knudsen cell, and thus the vapor contained 
therein, was predominantly magnesium vapor. 
Another effect involves the depletion of magnesium from 
the surface of the condensed material in the Knudsen cell. 
Effects due to surface depletion of magnesium were minimized 
by using powdered samples to provide a large surface area. 
Even with the powdered samples, the onset of surface depletion 
could be detected after prolonged times at temperature by 
deviations from linearity in a Am versus At plot. The data 
that were taken after the onset of surface depletion were 
subsequently discarded. 
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EXPERIMENTAL RESULTS 
The vapor pressure of magnesium was determined over bi­
nary alloys of magnesium with samarium, gadolinium, terbium, 
dysprosium, holmlum, erbium, thulium and lutetlum in the tem­
perature range 700-900°K. The vapor pressure data are sum­
marized In Table 7. The intended compositions of the alloys 
were 20, 30, and 45 at.# magnesium; the actual compositions 
as determined by chemical analyses are given in the table. 
In the case of thulium alloys of only two compositions were 
originally available. The alloy with the higher magnesium 
content gave irreproduclble results and upon chemical anal­
ysis was found to contain 54 at.% magnesium. The results from 
that alloy were subsequently discarded with the result that 
the available data for thulium are based on alloys of one 
composition. 
The vapor pressure data were fitted to a linear relation 
log P]^g(atm) = A + B/T 
by the method of least squares. The resultant parameters are 
listed in Table 8. The uncertainties are standard deviations 
from the least-squares fit. 
The vapor pressure data for the alloys were combined 
with similar data for pure magnesium (cf. Equation 2) and 
with the solubility data to yield the standard free energies, 
enthalpies and entropies of formation of the CsCl-type 
structures; these values may be considered as representative 
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Table 7. Vapor pressure data for lanthanon-magnesium alloys 
Composition 
at. ^ 
Temperature 
OK 
103 
T 
Pressure 
torr 
-loglO?(torr) 
Sm-23 Mg 738 1.355 9,72 exp-4 3.012 II  761 1.315 1.55 exp-3 2.810 ft 847 1.181 2.25 exp-2 1.648 It  895 1.117 7.80 exp-2 1.108 tt 872 1.147 3iOO exp-2 1.523 
Sm-37 Me: 712 1.404 5.35 exp-4 3.272 II  815 1.227 1.10 exp-2 1.959 Il  - 772 1.295 2.49 exp-3 2.604 II  753 1.328 1.40 exp-3 2.854 
Sm-44 Me; 729 1.372 4„40 exp-4 3.357 II  881 1.135 7.10 exp-2 1.149 II  833 1.200 1.60 exp-2 1.896 
5d-'+5 Mg 784 1.275 5.9 exp-3 2.229 II 728 1.372 8.4 exp-4 3.078 II  900 1.111 1.4 exp-1 0.857 II  755 1.325 1.97 exp-3 2.706 II  803 1.245 8.41 exp-3 2.075 II  893 1.120 8,70 exp-2 1.060 
Gd-21 Mg 710 1.410 3.6 exp-4 3.444 II  864 1.155 4.95 exp-2 1.305 II  783 1.278 4.92 exp-3 2.308 
Gd-32 Mg 739 1.353 1.25 exp-3 2.903 II  842 1.188 1.95 exp-2 1.710 
Tb-32 Mg 763 1.310 4.00 exp-3 2.398 II  803 1.246 1.22 exp-2 1.914 II  723 1.381 0.64 exp-3 3.194 II  764 1.304 3.68 exp-3 2.434 II  663 1.508 1.45 exp-4 3.839 II  702 1.425 2.10 exp-4 3.648 II  773 1.294 4.74 exp-3 2.324 
Tb-48 Mg 821 1.218 2.28 e%p-2 1.642 II  712 1.405 4.60 exp-4 3.337 It  867 1.152 5.95 exp-2 1.225 tt 747 1.338 2.30 exp-3 2.682 II  725 1.378 9.23 exp-4 3.035 tt 908 1.100 1.41 exp-1 0.851 
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Table 7. (Continued) 
Composition 
at.% 
Temperature 
OK 
103 
~r 
Pressure 
torr -logiQP(torr) 
Dy-22 Mg 725 1.380 7.15 exp-4 3.146 II  763 1.310 2.06 exp-3 2.686 II  715 1.400 5.94 exp-4 3.226 II  745 1.345 1.78 exp-3 2.750 II  690 1.449 1.75 exp-4 3.750 II  786 1.272 0.78 exp-2 2.108 
Dy-31 Mg 738 1.355 1.03 exp-3 2.987 
830 1.206 1.57 exp-2 1.804 
Dy-49 Mg 705 1.416 4.8 exp-4 3.319 II  760 1.316 0.58 exp-2 2.237 If  803 1.245 2.05 exp-2 1.688 ff 880 1.136 1.13 exp-1 0.947 II  806 1.241 0.98 exp-2 2.009 II 751 1.332 1.44 exp-3 2.842 II  783 1.277 4.62 exp-3 2.335 II  840 1.190 2,26 exp-2 1.645 ft  684 1.462 4.28 exp-4 3.369 II  769 1.300 4.53 exp-3 2.344 ft  863 1.159 6.69 exp-2 1.175 
Ho-22 Mg 811 1.233 1.51 exp-2 1.321 II  709 1.412 7.00 exp-4 3.155 
Ho-31 Mec 735 1.360 2.59 exp-3 2.537 If  768 1.302 5.74 exp-3 2.241 ff  791 1.264 1.20 exp-2 1.926 If 788 1.269 8.15 exp-3 2.089 II  710 1.410 3.66 exp-4 3.437 
Ho-4 8 Mg 696 1.435 8.56 exp-4 3.121 fl  908 1.102 1,85 exp-1 0.733 If  833 1.200 3.34 exp-2 1.476 
Er-31 Mg 772 1.295 9.75 exp-3 2.011 II  1.460 3.84 exp-4 3.416 II  820 1.220 4.48 exp-2 1.349 
Er-45 Mg 747 1.339 2.84 exp-3 2.547 II  
777 1.286 1,06 exp-2 1.976 
688 1.455 2.91 exp-4 3.536 
300 1.250 2.05 exp-2 1.688 
871 1.148 1.17 exp-1 0.932 
712 1.415 1.00 exp-3 3.000 
822 1.216 3.4- exp-2 1.469 
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Table 7. (Oontlnued) 
Composition Temperature 10^ Pressure 
at.2 OK T' torr -logioP(torr) 
Tm-21 M§ 787 1.271 9.23 exp-3 2.035 ft 756 1.322 4.02 exp-3 2.396 It  807 1.239 2.52 exp-2 1.599 If  738 1.354 2.24 exp-3 2.650 II  873 1.145 1.16 exp-1 0.936 11 704 1.420 3.90 exp-4 3.409 If  815 1.227 3.36 exp-2 1.474 
Lu-31 Ms 818 1.222 6.6o exp-2 1.130 II  690 1.450 9.24 exp-4 3.034 II  720 1.377 3.43 exp-3 2.465 
Lu-49 706 1.417 1.92 exp-3 2.717 II  788 1.270 2.51 exp-2 1.600 H 902 1.109 3.9 exp-1 0.409 II  755 1.325 1.20 exp-2 1.921 II  838 1.194 1.4 exp-1 0.854 II  665 1.505 4.45 exp-4 3.352 II  739 1.354 7.4 exp-3 2.131 It  633 1.464 6.8 exp-4 3.167 It  859 1.164 1.90 exp-1 0.720 
Table 8. Parameters for the linear representation of the 
vapor pressure data 
Lanthanon A -B 
Sm 4.95 + 0.41 8,030 330 
CA 5.56 + 0.14 8,410 + 110 
Tb 5.16 + 0.41 8,030 1 340 
Dy 5.32 1+
 
o
 
8,220 + 350 
Ho 4.96 + 0.49 7,770 + 380 
Er 5.85 + 0.35 
CO 
+ 270 
Tm 6.03 + 0.50 8,560 + 400 
Lu 5.53 + 0.23 7,850 + 180 
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of the mid-point of the temperature range of measurement, 
773°K. The numerical results are listed in Table 9. The 
free energies of formation are exhibited as a function of 
atomic number in Figure 5 and the enthalpies of formation 
are shown in Figure 6 along with the results from previous 
investigations. 
Table 9. Thermodynamic functions for the formation of OsCl 
type structures 
Compound -ÛH^73 (kcal/g-atom) 
ÛS773  
(e.u./g-atom)^ (kcal/g-atom) 
SmMg 0.96 + 0.80 -2.33 + 1.03 2.66 + 1.10 
3dMg 1.73 + 0.39 -0.94 + 0,55 2.46 + 0.55 
TbMg 0.86 + 0.78 -1.96 + 1.03 2.30 + 1.10 
DyMg 1.35 + 0.85 -1.39 + 1.12 2.43 J. 1.20 
HoMg 0.26 + 0.91 -2.33 + 1.25 2.06 + 1.30 
BrMg 1.59 + 0.68 -0.27 0.90 1.80 + 1.00 
TmMg 2.07 + 0.96 +0.14 + 1.25 1.96 + 1.40 
LuI'îg 0.34 + 0.50 -1.04 + 0.60 1.14 + 0.80 
^1 e.u. =1 cal/deg. 
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DISCUSSION 
The free energies of formation shown in Figure 5 indi­
cate decreasing stability of the magnesium compounds with 
increasing atomic number. The observation that magnesium does 
not form intermediate phases with hafnium, tantalum and tung­
sten is indicative of a persistence of this trend through the 
elements of the next few atomic numbers. Although the free 
energies of formation show a trend with atomic number, the 
values for the enthalpies of formation are more random. How­
ever, this may be simply a reflection of the Inherently 
greater uncertainties in the enthalpies of formation as com­
pared to the free energies of formation when both are deter­
mined from vapor pressure measurements. Because of the 
relatively large uncertainties in the enthalpies of formation, 
an independent calorimetric determination of these values is 
desirable. 
In spite of the limited precision of the enthalpies of 
formation, their order of magnitude is expected to be correct 
and is indicated to be small. Such small enthalpies of form­
ation signify a lack of ionic bonding character in the com­
pounds and are consistent with the observation that the 
electronegativities of magnesium and the lanthanons are very 
nearly equal, Table 10, On this basis, negligible electron 
transfer is expected and the volumes of formation should be 
small. Experimental verification that the volumes of forma-
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Table 10. volumes and enthalpies of formation of CsCl-type 
compounds and electronegativities of related 
elements 
Compound 
Electro­
negativity^ 
Esti­
mated 
arggs 
Experimental 
-AH^73 
LaMg +2.92 + 0.54 1.17 3.57 2.85b 
CeMg +1.87 + 0.57 1.21 3.58 6.50% 
PrM^ +1.69 + 0.23 1.19 3.12 4.10b 
NdMg +0.71 + 0.57 1.19 3.11 
SmMR -3.56 + 0.58 1.18 2.43 0.86 
3dM% -0.74 1+
 
o
 
1.20 4.72 1.73 
TbMg -0.91 + 0.40 1.21 4.49 0.86 
DyMg -0.90 + 0.40 1.21 3.20 1.35 
HoMg -0.95 + 0.40 1.21 3.21 0.26 
ErMg -0.51 + 0.41 1.22 3.98 1.59 
TmMg -1.21 + 0.39 1.22 2.68 2.07 
LuMg -1.92 1+
 
o
 
o
 
1.22 4.99 0.34 
-1.80 1.20 5.38 2.9 
Pure Mg 1.20 
^Electronegativity values estimated by Gschneidner (12). 
^Data from Table 4. 
^Yttrium-magnesium data from Smith et al. (22), 
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tion are small is shown in Figure 7 where the volumes of 
formation have been computed from lattice parameters deter­
mined by x-ray diffraction. The volume contractions for the 
heavy lanthanons compounds are, as a whole, small and are in 
contrast to the volume expansions of the lighter lanthanon 
compounds. This contrasting behavior between the heavier and 
lighter lanthanons may be related to Mackintosh's suggestion 
(56) that the Fermi surfaces of the heavier lanthanons may be 
very nearly spherical while the Fermi surfaces of the lighter 
lanthanons in the same approximation should show appreciable 
distortion from sphericity. The suggestion is based on the 
expected extent of the 4f wave functions which should be 
greater in the lighter than in the heavier lanthanons. 
Smith and Smith (57) found that the heats of formation 
of Laves phase compounds of magnesium with cobalt, nickel, 
copper and zinc paralleled the work functions of the second 
components. A similar situation may be expected In the 
primitive cubic structures containing magnesium. The data 
are fragmentary but do suggest that thé work functions of the 
non-magnesium constituent and the enthalpies of formation are 
related. The available data are in Table 11. The heavy 
lanthanon compounds have been grouped together because the 
work functions of these lanthanons have not been experi­
mentally determined. The work functions for lanthanum, 
cerium and praseodymium are values published in 1926 and 
appear to be low. An upward revision to 3.9-4.0 Is not 
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unreasonable. 
Table 11. Heats of formation and work functions 
Compound Work function* 
XMg (e,v.) (kcal/g-atom) 
HgMg 4.52 5-6 
AgMg 4.28 5.2 
TlMg 3.84 5.2 
LaMg 3.3 2.85 
OeMg 2.84 6.5 
PrMg 2.7 4.1 
SmMg 3.2 0.9 
GdMg 
TbMg 
DyMg 
HoMg 3.1 Mean values 1.1 
ErMg 
TmMg 
LuMg 
I^Mg = 5.46 
^Work function values from Mlchaelson (58). 
^Enthalpy values except for heavy lanthanons from 
Hultgren et al. (47). 
As a general rule (28) volumes of formation correlate 
with enthalpies of formation and thus the small values for the 
heats of formation of the OsOl-type structures are consistent 
with the observed changes in lattice spacings of lanthanon-
magnesium solid solution alloys. Miller and Daane (16) found 
a linear decrease in the lattice constant of the b,c,c, phase 
with increasing magnesium content and extrapolated to zero 
magnesium content to determine the lattice constants of the 
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high temperature lanthanon allotrope. An extrapolîiticn is 
possible in the opposite direction, to 50 at.^ magnesium and 
even to 100 at.# magnesium to determine the apparent size of 
the magnesium atom in the solid solution. The results of 
such extrapolations are given in Table 12. The consistency 
between the extrapolated and observed lattice constants of the 
OsCl-type structures provided additional credibility to 
further extrapolation to pure magnesium. The apparent atomic 
radii of magnesium in the various systems are in good agree­
ment with the value 1.57 i calculated by Laves (37) for pure 
magnesium in a structure with coordination number 8. The 
results suggest that the core-core interactions which depend 
strongly on volume do not control the stability of the CsOl 
structures. 
Table 12. Lattice constants for cubic structures 
Primitive Body-centered Apparent radius for 
Lanthanon cubic cubic phase magnesium (extrapo-
phase (extrapolated lated to 100 at.# 
2 to 50 at.^ Mg) Mg) 0 
A ^ 
Gd 3.824 3.831 i 0.030 1.56 
Tb 3.796 3.808 + 0.010 1.56 
Dy 3.786 3.808 + 0.020 1.58 
Ho 3.776 3.766 + 0.005 1.54 
Er 3.758 3.700 + 0.060 1.50 
Tm 3.749 3.745 + 0.030 1.55 
Lu 3.727 3.724 + 0.005 1.54 
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The method of Kubaschewskl (23) was used to estimate the 
heats of formation of the primitive cubic structures. The 
results are in Table 10 and a graphical comparison with the 
experimental values is shown in Figure 8. For the heavy 
lanthanon compounds the estimated enthalpy of formation is 
larger in magnitude than the observed value by about 2.5 
Iccal/g-atom. Such a discrepancy is not serious because the 
estimated values are expected to provide only an approximate 
value. 
Further clarification of the nature of bonding in CsCl-
type structures seems to be needed and certain experiments 
should help clarify the situation. Oalorimetric and heat 
capacity data would provide supplementary data to calculate 
thermodynamic functions. The heat capacity data at low tem­
peratures would provide information concerning the density 
of electronic states at the Fermi surface. 
ESTIMATED AFTER 
KUBASCHEWSKI 
EXPERIMENTAL VALUES 
\o 
o* 
Figure 8. Comparison of estimated and observed enthalpies of formation 
of CsOl-type compounds 
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SUMMARY 
The thermodynamic functions associated with the form­
ation of OsCl-type structures in some lanthanon-magnesium 
systems have been determined. The free energy changes 
associated with compound formation show a trend toward 
decreasing stability with increase in atomic number. The 
enthalpy changes associated with compound formation are 
small and within the precision of measurement exhibit no 
distinct trend with atomic number. The enthalpy changes 
were correlated with structural data to support the view 
that bonding in the OsCl-type structures is of a metallic 
nature. 
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